We report on the study of magneto-photogalvanic and magnetotransport phenomena in 200 nm partially strained HgTe films. This thickness is slightly larger than the estimated critical thickness of lattice relaxation leaving the film partially relaxed with the value of the energy gap close to zero. We show that illumination of HgTe films with monochromatic terahertz laser radiation results in a giant resonant photocurrent caused by the cyclotron resonance in the surface states. The resonant photocurrent is also detected in the reference fully strained 80 nm HgTe films previously shown to be fully gapped 3D topological insulators. We show that the resonance positions in both types of films almost coincide demonstrating the existence of topologically protected surface states in thick HgTe films. The conclusion is supported by magnetotransport experiments.
I. INTRODUCTION
Mercury cadmium telluride structures recently attracted growing attention as a material for fabrication of the highest quality two-and three-dimensional topological insulators (TIs).
1 Bulk mercury telluride is known to be gapless, therefore, in order to obtain a topological insulating state one uses either size quantization in quantum well structures (for 2D TIs 2 ) or tensile strain to open a gap (3D TIs 3 ). The strain naturally appears when HgTe films are grown on a CdTe substrate having 0.3% lattice mismatch. It was shown that 70÷80 nm thick HgTe films adopt the CdTe lattice constant, which results in an energy gap of around 15 meV.
3,4 A characteristic feature of such films is the existence of topologically protected surface states. Their presence was first demonstrated by observation of the quantum Hall effect. 3 The properties of surface states have been comprehensively studied using magnetotransport [3] [4] [5] [6] [7] [8] and capacitance spectroscopy, 9 as well as optical and photogalvanic spectroscopy. [10] [11] [12] [13] Though study of thicker HgTe films is also of indubitable interest, the requirement of strain produced by the lattice mismatch implies the existence of a critical thickness above which the gap should close since the strain relaxes due to formation of dislocations. According to previous works, the critical film thickness of HgTe grown on CdTe is expected to lie between 200 nm 3 and 100 nm 4 . The questions are whether in such relaxed films the topological surface states are still present and how their properties are affected by the presence of bulk carriers. Very recent magnetotransport measurements 14 combined with capacitance spectroscopy provide a first clear indication of the presence of surface states in 200 nm partially relaxed HgTe films with almost zero bulk energy gap.
Here we report on the study of magneto-photogalvanic phenomena supported by temperature-dependent magnetotransport measurements in 200 nm HgTe films. Our results demonstrate that, while the thickness of this films is slightly larger than the estimated critical thickness of lattice relaxation, the surface states with characteristics similar to the fully strained 80 nm films can be clearly detected. In particular, both for 200 nm and 80 nm films we observe the cyclotron resonance (CR) induced photogalvanic effect exhibiting two resonant features characterized by slightly different cyclotron masses and corresponding to the top and bottom surface states. The positions of resonances in the photovoltage coincide with the CR dips in simultaneously measured magnetotransmission. The experimental results and analysis of the THz photocurrent and magneto-transmission are complemented by magnetotransport measurements.
II. SAMPLES, MAGNETOTRANSPORT DATA AND EXPERIMENTAL SETUP
Our experiments have been carried out on highmobility HgTe films with a thickness of 200 and 80 nm grown via molecular beam epitaxy. Here, the HgTe film is embedded between two layers of Cd 0.6 Hg 0. 4 Te which work as cap and buffer layer. The cross section of the structure is sketched in Fig. 1(a) . The structures with 200 nm films are fabricated on (013)-oriented GaAs substrates and the reference 80 nm films on either (013)-or (001)-oriented substrates. Note that 200 nm films processed from the same wafer were also used for magnetotransport measurements in Ref. [14] . The films were grown on a 4 µm thick, fully relaxed CdTe layer deposited on a thin ZnTe layer, see Fig. 1(a) . Square shaped 5 × 5 mm 2 samples have been fabricated, with one of the edges oriented along x [110] being a cleaved edge face. This geometry allows us to measure radiation transmission through the sample and THz radiation induced photocurrents simultaneously. For the photocurrent and magnetotransport measurements, four ohmic contacts in the corners and four in the middle of the sample edges have been prepared, see Fig. 1(b) . The magnetotransport measurements were performed in magnetic field B up to 7 T oriented normal to the HgTe film using standard low-frequency lock-in technique with a driving current of 1 µA. The obtained longitudinal (ρ xx ) and Hall (ρ xy ) sheet resistances of the 200 nm HgTe film, shown in Fig. 2 (a) and (b) for selected temperatures in the range from 4.2 to 110 K, display behavior similar to the previously investigated 80 nm films, 4, 12, 14 with the nonlinear N -type Hall resistance indicating the coexistence of electrons and holes. The change of sign of the Hall resistance with temperature at high B indicates thermal activation of carriers. The hole-dominated transport at low temperature is in accordance with previous works revealing that in ungated HgTe films the Fermi level is effectively pinned to the valence band. 4, 12 The electron contribution to the conductivity at low temperatures is attributed to surface states, and at high temperature is enhanced by an increased fraction of bulk electrons. Using classical two-carrier Drude model, 4,15 from ρ xx (B) and ρ xy (B) we extracted densities and mobilities of electrons and holes in the system. The obtained temperature dependencies are shown in panels (c) and (d) of Fig. 2 .
Photocurrent and magnetotransmission measurements have been performed by applying radiation of a continuous wave (cw) optically pumped molecular gas terahertz (THz) laser. [16] [17] [18] [19] The laser lines with frequencies of f = 2.54, 1.62, and 0.69 THz (wavelengths λ = 118, 184, and 432 µm) were obtained using methanol, diflouromethane, and formic acid as an active media, respectively. The incident power, P , depends on the particular laser line and ranges from 5 mW for f = 0.69 THz to 30 mW for f = 2.54 THz. The structures were placed in a temperature-regulated Oxford Cryomag optical cryostat, which for temperature T = 4.2 K and below works as a He bath cryostat and for higher temperatures as a continuous flow cryostat. Samples were attached to an eightpin socket and illuminated through z-cut crystal quartz windows. A thick black polyethylene film which is trans- ) show the magnetic field dependence of the longitudinal sheet resistance ρxx(B) and the Hall resistance ρxy(B) measured on a square-shaped van der Pauw sample. Panels (c) and (d) display the temperature dependence of electron and hole densities ns and ps, respectively, as well as the corresponding mobilities µe and µ h . The dependencies were extracted via fitting of ρxx(B) and ρxy(B) traces using classical Drude theory. We do not present fitted values for the electron mobility at low T , where the procedure is not reliable because of small electron density. An expected mobility dependence is shown by the dashed line.
parent in the terahertz range was mounted on the windows and prevented uncontrolled illumination of the sample with room light in both visible and infrared ranges. Off-axis parabolic mirrors were used to focus the laser radiation at the center of the sample. The laser beam shape at the position of the sample was measured with a pyroelectric camera. 20 These measurements yielded the laser spot diameters (full width at half-maximum) of 1.5, 2.3, and 3.0 mm for laser lines with f = 2.54, 1.62, and 0.69 THz, respectively. Using these values, peak intensities were calculated. The radiation of the molecular gas laser is polarized linearly with the polarization axis depending on the particular laser mode. 21 In some measurements we implement right-(σ + ) and left-(σ − ) handed circularly polarized radiation obtained using λ/4 plates made of x−cut crystal quartz. Laser radiation was modulated at chopper frequency f chop and photoresponse was measured applying standard lock-in technique, either as photocurrent J x,y or the corresponding photovoltage U x,y ∝ J x,y picked up across 50 Ω or 10 MΩ load resistors, respectively, see Fig. 1(c) . The photoresponse was mostly measured for the normal incidence of the THz radiation and in presence of a magnetic field B up to 7 T applied normal to the film surfaces. In some measure- ments specified below samples were rotated around the y-axis yielding simultaneously a variation of the normal magnetic field component and an oblique incidence of the THz radiation. Concurrent with the photogalvanic signal, we measured the radiation transmission using a pyroelectric cell detector placed behind the sample, see Fig. 1(b) .
III. EXPERIMENTAL RESULTS
Figure 3(a) shows the magnetic field dependence of the photosignal induced by illumination of a 200 nm HgTe film at T = 30 K with terahertz radiation of f = 1.62 THz. The data were obtained for normal incidence and magnetic field applied perpendicularly to the film plane. Two resonant peaks of the photosignal are clearly detected at magnetic fields B CR1 = 1.6 T and B CR2 = 2.4 T. While for linearly polarized radiation the peaks are detected for both magnetic field polarities, in the case of circularly polarized radiation they are only present for a single polarity (namely, positive B for the The resonant features with the same polarization dependence and at very close magnetic field positions are also detected in the radiation transmission measured simultaneously with the photosignal. These results are shown in Fig. 3 (b) together with a fit after Eqs. (1), (2), and (3) obtained with fitting parameters B CR1 and B CR2 , carrier densities and mobilities in top and bottom surface states, and the Fabry-Perot interference phase φ. Note that while in the photoresponse two peaks can always be resolved, in the transmission we observe that the resonant dips at high temperatures merge, see Fig. 5 (a). Applying different laser lines we found that the resonance positions linearly scale with the radiation frequency f , see Fig. 6 . All these facts reveal that the observed resonant features in the photoresponse and magnetotransmission are caused by the cyclotron resonance.
Depending on the experimental conditions, both positive and negative resonant photocurrents have been detected. This is seen in Fig. 4(a) , where the resonant photocurrents at ±B CR1 have opposite sign, whereas the resonant photocurrents at ±B CR2 are positive for both polarities of the magnetic field. Furthermore, the sign of the resonant photocurrent can be either the same or opposite for the x-and y-projections of the total pho-tocurrent. This is illustrated in Fig. 7 demonstrating resonant photosignals U x ∝ J x and U y ∝ J y . Moreover, the sign of the photoresponse may change under variation of such experimental parameters as temperature. This is shown in Figs. 7(a) and 7(b) for the resonances in U y ∝ J y at B CR2 for temperatures 40 and 60 K. Note that similar variations of photocurrent projections on x and y directions with temperature and wavelength have been previously reported for (013)-grown samples studied in the absence of magnetic field.
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To conclude on whether the observed resonances originate from carriers in the bulk of the HgTe film or those occupying two-dimensional surface states, we carried out measurements with the magnetic field tilted by an angle θ. The inset in 
IV. DISCUSSION AND THEORY OF CYCLOTRON RESONANCE ASSISTED PHOTOGALVANIC CURRENT
Below we analyse the data on the CR response of the surface states in transmission and photocurrent and possible reasons for partial strain remaining in 200 nm thick HgTe films. We discuss fits used for the data on the radiation transmission, address the origin of the photocurrent excited in (013)-oriented films, explain the observed difference in the sign of the CR induced photocurrents, and discuss the surprising observation that CR assisted photocurrents in (001)-grown films have been excited by normally incident radiation and for magnetic fields applied perpendicularly to the film surface. Here, the normal component of the CR magnetic field, given by BCR1,CR2 cos(θ), is plotted against the tilting angle.
A. Surface states and strain relaxation
The data described above demonstrate that, in spite of the fact that the thickness of 200 nm films is slightly larger than the estimated critical thickness of lattice relaxation, the surface states with characteristics very close to those of the fully strained 80 nm 3D TI films can clearly be detected. This conclusion is supported by: (i) twodimensional origin of the CR (Fig. 6, inset) , (ii) presence of two CRs corresponding to excitation of the bottom and top surfaces (Figs. 3, 4, 6, 7) , and (iii) very close values of cyclotron masses obtained from both resonances in (013)-grown 200 and 80 nm thick films (Fig. 6) . Our results are in agreement with magnetotransport and Xray data, see Ref. [14] , obtained on samples made from the same wafers as samples studied in the present work. The X-ray diffraction measurements demonstrated that the 200 nm thick film still has about 60% strain (100% means that HgTe film is fully strained and has an indirect bulk band gap of the order of 15 meV, 3,9,12 0% means that it is fully relaxed to its own lattice constant and has few meV of band overlap).
Let us discuss possible reasons of the considerable remaining strain in films with substantially larger thickness as compared to the estimated critical thickness reported previously. Calculations of the critical thickness of a strained epitaxial film, above which the formation of misfit dislocations reducing the strain becomes energetically favourable, usually rely on the Matthews model.
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This model employs an equilibrium thermodynamic ap- proach, and thus neglects kinetic factors related to dislocation formation at a finite rate of epitaxial growth. The Matthews approximation demonstrates good agreement with experimental data in the case of large mismatch of the lattice parameters between the epilayer and substrate, but is less reliable for small misfits typical for HgTe/CdTe heterostructures. Furthermore, experimental data for low-strain semiconductor systems demonstrate that the mechanism of strain relaxation is not sufficiently well described by existing models. [24] [25] [26] For instance, a discrepancy reaching two orders of magnitude between observed and calculated values of the critical thickness was reported for low-strain Ge x Si 1−x /Si.
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A further reason is the substrate orientation. Theoretical values for the critical thickness of HgTe on (001)-oriented CdTe (lattice mismatch of about 0.3%) range between 50 nm, see Ref. [28] , and 200 nm, see Refs. [3, 29, 30] . In the case of Hg 0.7 Cd 0.3 Te grown on (013)-oriented CdTe like in samples studied here, the lattice mismatch is 0, 216% and the calculated critical thickness varies from 47.5 to 344 nm for 12 possible slip systems of dislocations classified by orientation of the slip plane and Burgers vector. 31 The experimental part of Ref. [31] reports that dislocations begin to form when the film thickness exceeds 80 nm. Starting from 150 nm, a dislocation network emerges which results in about 40% strain relaxation. Similar results on relaxation in HgTe on (001)-oriented CdTe are reported in Ref. [30] .
At last, but not least, the situation becomes even more complex in multilayer heterostructures grown on substrates with large mismatch, such as HgTe films grown on GaAs substrate with additional ZnTe and CdTe layers (CdTe/ZnTe/GaAs). In this case it is necessary to take into account not only the stress induced by the mismatch between the CdTe/ZnTe/GaAs substrate and HgCdTe/HgTe/HgCdTe epilayers but also significantly different thermal expansion coefficients of GaAs and epitaxial layers. In the presence of this additional factor, one can expect that strain remains strong even for heterostructures containing thick HgTe films, especially after sample is cooled down for low-temperature measurements.
Summarizing, the observation that considerable strain remains in HgTe films with thickness larger than the critical thickness calculated in the framework of the Matthews model is attributed to the necessity to extend the model by (i) considering of the dislocation network formation and/or additional relaxation mechanism in the HgTe/CdTe system, (ii) crystallographic orientation of the substrate, as well as (iii) different thermal expansion coefficients of GaAs substrate and epitaxial layers.
B. Transmission fits
Our analysis of the transmission data follows Ref. [32] and is similar to that presented in Refs. [33] [34] [35] [36] . We consider a circularly polarized wave with frequency ω/2π normally incident upon a sample which is modeled as a dielectric slab of thickness w (it represents the thick GaAs substrate having the refraction index n = 3.6) with an infinitely thin conducting layer on top of it (characterized by the total dynamic conductivity combining contributions of surface and bulk carriers of the conducting HgTe layer). This model takes into account that the whole MBE-grown heterostructure containing the HgTe layer has a thickness much smaller than the wavelength and, in this sense, is effectively two-dimensional. By contrast, the optical path φ = nωw/c across the substrate is large, φ 1, which necessitates an account for multiple reflections between the dielectric interfaces (Fabry-Perot interference). The resulting expression for the power transmission has the following form:
Here the dimensionlessσ = σ/2 0 c represents the complex dynamic conductivity σ = σ xx (ω) + iσ xy (ω) (we assume isotropic transport in the HgTe layer, σ xx = σ yy and σ yx = −σ xy ); 0 is the permittivity of free space. Using the Drude expression for the ac conductivity, one obtainsσ
Here ω c = eB/m is the cyclotron frequency. 
represents the so called radiative or superradiant decay. [33] [34] [35] [36] It is fully determined by the electron density n e and the position of the CR B CR = ωm/e. The dimensionless parameter
represents the momentum relaxation time τ p and corresponding mobility µ. Expressions above correspond to the left-handed circular polarization (CR at ω c = −ω), while those for the right-handed polarization are obtained via the substitution ω c → −ω c . In the case of several carrier types,σ is given by the sum of conductivities in all transport channels. Therefore, apart from the unknown Fabry-Perot interference parameter φ, the B-dependence of the transmitted power is determined by the cyclotron masses, concentrations, and mobilities of all individual components. It is difficult to reliably determine all these parameters from fitting the magnetotransmission data, therefore we refrain from quoting the numerical values used for fits in Figs. 3 and 5. Our goal there is rather to show that the transmission data can indeed be well described by the above theory. In particular, due to the Fabry-Perot interference the form of CR dips in magnetotrasmission is sometimes found rather asymmetric, see e.g. Fig. 5(a) . The usual symmetric Lorentzian form is recovered only for φ/π close to integer values (constructive interference) or half-integer values (destructive interference) provided that the CR features originating from different transport channels are well separated. The broadening of the CR is affected by both γ and Γ, which in our case are comparable in magnitude. The transport data in Fig. 2 suggest that in the studied temperature range mobility (and, therefore, γ) stays constant, while the density (Γ) increases by an order of magnitude. This is consistent with our observation of two separate sharp CR dips in transmission in Fig. 3(b) at T = 30 K and their strong broadening and merging at higher T = 60 K in Fig. 5(a) .
C. PGE theory
Cyclotron resonance assisted photocurrents have been previously detected in different materials including InSb/InAlSb quantum wells (QWs), 37 3D TI HgTe strained films, 12 and HgTe QWs of different thicknesses including the critical thickness. 38 Despite similar manifestation and phenomenological description, the microscopic origin of the effect is not universal. The underlying microscopic mechanisms can involve both spin and orbital degrees of freedom, and are sensitive to details of the band structure. A theoretical model of the orbital CRinduced photogalvanic currents in 3D TI HgTe strained films has been introduced in Ref. [12] . It describes Bdependent photocurrents emerging under a uniform illumination in systems with linear dispersion lacking spatial inversion symmetry. A detailed theory of the linear photogalvanic effect caused by magneto-induced asymmetry under photoexcitation for asymmetric QWs and for surface states of bulk TIs was developed in Refs. [39, 40] . In particular, the theory predicts a resonant enhancement of the photocurrents in the vicinity of CR. Here we present a theory of the photocurrent generated in the process of energy relaxation of photo-excited carriers, which explains all major experimental findings presented above. The key ingredient of the model is an asymmetry of electronphonon scattering rate in the momentum space which emerges in the presence of applied magnetic field.
In thick films, as discussed in the present work, the penetration depth of wavefunctions in both surface states is much smaller than the film width. Thus the coupling between surface states is negligibly small, which allows us to treat them independently. At each of the interfaces, we consider the process of energy relaxation of a spinnondegenerate two-dimensional electron gas heated by the THz radiation. It is assumed that at experimentally relevant low temperatures the momentum relaxation of carriers in the surface states is dominated by elastic scattering off static defects, while the energy relaxation of photo-excited carriers is determined by their interaction with acoustic phonons.
Under continuous illumination, electrons partially absorb the energy of THz radiation and transfer the absorbed energy to the phonon bath. This energy transfer is naturally accompanied by heating of the electron subsystem. We assume that frequent electronelectron collisions lead to fast exchange of energy leading to thermalization of the photo-excited carriers. As a result, the isotropic part of the steady-state nonequilibrium distribution function has a Fermi-Dirac form, f
. Here k and ε k denote the momentum and energy spectrum of electrons, ε F is the chemical potential, and T e = T + ∆T is the effective electron temperature, which is higher than the temperature of the phonon bath T .
The asymmetry of electron-phonon scattering rate in k-space leads to emergence of an anisotropic part δf k of the steady-state nonequilibrium distribution function, which can be found from the Boltzmann equation,
Here the first term describes momentum relaxation (τ is the transport relaxation time), the second term describes cyclotron motion (v k is the group velocity), and
k ] is the electron-phonon collision integral. In the latter, we replaced the full distribution function with f (0) k . This corresponds to the leading first-order perturbation theory for the anisotropic correction δf k with respect to a weak asymmetry of St (ph) . The electron-phonon collision integral is given by 
* . In the relevant T -and q-range, the occupation numbers for acoustic phonons are large, N − q T /hΩ q 1. The anisotropic correction δf k found from Eq. (5) yields the electric current j = e v k f k given by
Here ω c = eB z /m is the cyclotron frequency, and o zunit vector normal to the surface. Assuming ∆T T , we linearize Eq. (6) with respect to ∆T using the relation f (0)
In turn, the temperature difference ∆T can be related to the intensity of radiation I from the energy balance equation
where η(ω) is the absorbance. In the absence of a static magnetic field the current (6) vanishes due to the time reversal symmetry (TRS). In the presense of magnetic field the TRS operation involves the inversion of the magnetic field orientation,
. As a result, magnetoinduced asymmetry of electron scattering by phonons becomes possible, with the lowest order correction being proportional to B z ,
Here the Kronecker delta δ k ,k+q expresses the momentum conservation law, q is the in-plane component of the phonon momentum, and g is an in-plane vector which defines the scattering anisotropy. Phenomenologically, this type of scattering asymmetry is similar to that obtained in Ref. [42] for quantum wells or in Refs. [43] [44] [45] for the spin-dependent scattering. A specific property of structures with (013) surface orientation is their low inplane symmetry described by the C 1 point group. In this case, symmetry imposes no restrictions on the orientation of the two-dimensional vector g.
Taking into account that the out-of-plane component of phonons is typically large, q z |k − k | = q , one can perform an explicit summation over k, k and q in Eq. 6 with scattering probability (7) . The resulting expression for the photocurrent reads
Here
] is in-plane vector perpendicular to the vector g, triangle brackets stand for averaging over q z and directions of k and k . Parameter ξ = 1+m∂ 2 ε p /∂p 2 reduces to numerical factor ξ = 1(2) for the linear (parabolic) spectrum of the charge carriers. We note that all functions here are defined at the Fermi level. Due to the CR peak in the absorbance η(ω), photocurrent in Eq. (8) is resonantly enhanced when radiation frequency ω matches the cyclotron frequency ω c , thus reproducing the behavior observed in all studied samples, see Figs. 3-6.As expected, for circularly polarized radiation peaks are present only for one magnetic field polarity, whereas for linearly polarized radiation the resonant enhancement of the photocurrent is observed for both magnetic field polarities. The CR position is defined by the band structure and is different for top and bottom surfaces, see Tab. I. The cyclotron masses obtained from magnetic fields B CR1 and B CR2 agree well with the estimated cyclotron masses of surface states obtained by k·p calculations of the band structure 12 adapting the procedure described in the supplementary material to Ref. [3] and Refs. [46, 47] .
According to Eq. (8), the projections of the generated total photocurrent on the x and y directions are given by
While the magnitude of generated photocurrent is proportional to |g|, its direction depends both on the direction of g and on the value of parameter ω c τ . Moreover, in (013)-grown structures possessing no non-trivial inplane point symmetry operations, the orientation of g is not bound to any crystallographic direction and thus may depend on temperature, gate voltage, carrier density etc., see Ref. [22] . This can explain the observed sign changes of the resonant photocurrent, both under reversal of the magnetic field polarity and due to variations of other experimental parameters such as temperature. A clear indication of such changes is presented in Fig. 7 showing that the y-projection of the resonant photocurrent at B CR2 changes its sign with temperature. Note that in previous work on zero-B photogalvanic currents in (013)-grown HgTe QWs a change of sign of the photogalvanic current projection with increase of temperature has also been detected for certain projections of the total current. 22 Equations (9) show that the current projections j x and j y can be both even or odd functions of B z , depending on the relative orientation of the vector g and axes along which the photocurrent is measured. This is also detected in our experiments, see Fig. 4 .
D. Photocurrents in (001)-grown films
We now turn to discussion of our findings on the 80 nm HgTe film grown in (001) orientation, see Fig. 4(c) . The fact that the photocurrent, either resonant or nonresonant, can be excited at normal incidence and for a magnetic field perpendicular to the film surface is surprising. Indeed, bulk mercury telluride has zinc-blende structure which has a T d point symmetry group. The interface between the HgTe film and the CdHgTe cap layer in (001)-grown structure makes z and −z directions nonequivalent, which reduces the symmetry of the system from T d down to C 2v , with one two-fold rotation axis and two mirror planes shown in Fig. 8(a) . In systems that have a two-fold rotation axis photocurrents can be observed only for oblique incidence of radiation when both the in-plane and normal components of the radiation electric field are present. Indeed, general phenomenological expression for the photocurrent reads [48] [49] [50] 
with a third rank tensor χ depending on the static magnetic field B. For particular mechanism of photocurrent considered above, tensor χ is proportional to the absorbance η(ω), see Eqs. (8) and (9) . In our experiments, the magnetic field is applied along growth direction, B = (0, 0, B z ); the THz electric field is polarized in the film plane, such that all indices λ, µ, ν belong to the (x, y)-plane. Under C 2 rotation in the (x, y)-plane, B z and χ remain intact, while the in-plane current j λ and components of THz electric field E µ and E * ν change sign. Thus the left-hand side j λ in Eq. (10) transforms to −j λ , while the right-hand side remains unaltered. The C 2 symmetry therefore dictates that the corresponding components of χ must vanish, and prohibits photocurrent generation at normal incidence in systems described by the C 2 point groups or point group of higher symmetry. On the other hand, we clearly observe a photosignal on a fully strained 80 nm HgTe film with (001) orientation that exhibits two distinct peaks due to cyclotron resonance in the top and bottom surface layer of the film, see Fig. 4(c) . Combined with the above symmetry argument, these observations suggest that in our sample there should be a mechanism that lowers the symmetry group down to C s or C 1 .
An obvious candidate for the mechanism responsible for the symmetry reduction is deformation caused by a lattice mismatch between different components of the grown heterostructure. However, in the case of (001)-grown structures such strain is not expected to lower the symmetry of interfaces. Indeed, the deformation of the HgTe film is defined by the CdTe layer. The in-plane lattice constant is the same throughout the structure and equal to a CdTe , the lattice constant of CdTe. In this case the components of the strain tensor inside the HgTe film are given by xx = yy = a CdTe /a HgTe − 1, xy = xz = yz = 0, and zz = −2c 12 (a CdTe /a HgTe −1)/c 11 , where c 11 and c 12 are elastic constants (here x, y and z denote the main crystallographic axes). This kind of deformation of the unit cell does not exclude any of the symmetry elements of the C 2v point group. As illustrated in Fig. 8(b) , the two-fold rotation axis survives as an element of the symmetry group even under more general conditions which can in principle be superimposed by lattice matching in (001)-oriented structures for the strain tensor. In this case, xx = yy and xy = 0, while other components xz = 0, yz = 0, and zz = −c 12 ( yy + xx )/c 11 can be found from minimization of free elastic energy. As mentioned above, HgCdTe/HgTe/HgCdTe epilayers grown on GaAs substrate possess not only the relaxation stress induced by the mismatch of these materials but also significantly different thermal expansion coefficients of GaAs and epitaxial layers. However, by the same argument the related stress is not expected to lower the symmetry of the interface. We conclude that in the presence of strain photocurrents should still be forbidden under normal incidence of radiation due to high symmetry of the system. Another possible reason for the symmetry reduction could be misorientation of the film surface from the (001)-plane by a small angle of several degrees. 51 However, this contradicts the results of X-ray measurements showing that the deviation of both the substrate and the film from the (100)-plane does not exceed 5 angular minutes (not shown). While the origin of the symmetry reduction is presently unclear, the fact that the cyclotron masses of (001)-grown 80 nm HgTe films are 25% lower than the masses of the (013)-grown films may indicate that some structural defects are present in the films grown along (001) direction.
V. SUMMARY
To summarize, our experiments demonstrate that topological states originating from the inverted band structure of HgTe persist in partially strained 200 nm films grown on (013)-oriented GaAs substrate and behave similar to fully strained 70÷80 nm films with a bulk gap. 4, 9, 12 12 This fact provides an evidence that topological surface states are robust to the existence of bulk carriers. Our findings are in agreement with the magnetotransport and capacitance data obtained on samples prepared from the same wafer and showing the existence of spin non-degenerate surface states.
14 The remaining considerable stain in rather thick films grown on GaAs substrates, previously detected by X-ray diffraction, 14 is discussed in our paper in terms of desirable extensions of the Matthews model which may include the dislocation network formation as well as different thermal expansion coefficients of GaAs and HgCdTe/HgTe/CdHgTe/CdTe epitaxial layers. Our magnetotransport data show that the surface carriers of the system are high mobility electrons, coexisting with electrons or holes in the bulk. We further present a detailed theory of the cyclotron resonance assisted photogalvanic current in the surface states, and discuss specifics of the photocurrent generation in structures belonging to C 1 point symmetry group. 
